Extra-retinal information about eye velocity is thought to play an important role in compensating the retinal motion experienced during an eye movement. Evidently this compensation process is prone to error, since stimulus properties such as contrast and spatial frequency have marked effect on perceived motion with respect to the head. Here we investigate the suggestion, that Ôoptokinetic potentialÕ [Perception 14 (1985) 631] may contribute to an explanation of these errors. First, we measured the optokinetic nystagmus induced by each stimulus so as to determine the optokinetic potential. Second, we determined the speed match between two patches of Gaussian blobs presented sequentially. Observers pursued the first pattern and kept their eyes stationary when viewing the second. For stimuli with identical contrast or spatial frequency, the pursued pattern was perceived to move slower than the non-pursued pattern (the Aubert-Fleischl phenomenon). Lowering the contrast or the spatial frequency of the non-pursued pattern resulted in a systematic decrease of its perceived speed. A further condition in which the contrast or spatial frequency of the pursued pattern was varied, resulted in no change to its perceived speed. Pursuit eye movements were recorded and found to be independent of stimulus properties. The results cast doubt on the idea that changing contrast or spatial frequency affects perceived head-centred speed by altering optokinetic potential.
Introduction
Motion perception is not exclusively the result of movement across the retina. In order to judge the motion of a pursued target, the observer often needs to access extra-retinal information about the speed and direction of the eye movement. Extra-retinal information also provides a convenient means of compensating for the effect eye movements have on the retinal image (Bedell, Klopfenstein, & Yuan, 1989; Dichgans & Brandt, 1972; Freeman, 1999 Freeman, , 2001 Freeman, Banks, & Crowell, 2000; Post & Leibowitz, 1985; Turano & Massof, 2001; von Holst, 1954; Wertheim, 1994) . Evidently, the compensation process is prone to error, since observers do not always judge the motion of objects veridically during eye movements. For instance, the perceived speed of a pursued target depends on its size and on the background over which it moves (Raymond, 1988; Raymond, Shapiro, & Rose, 1984) . Similarly, the degree to which a stationary object appears to move against an eye movement (Filehne, 1922) changes as a function of spatial frequency (Freeman & Banks, 1998; Wertheim, 1987) . Different accounts have been given for these and related findings. Some emphasise retinal processes (e.g. Murakami & Cavanagh, 1998 , 2001 Wallach, 1959) whereas others emphasise factors extraretinal in origin (see Wertheim, 1994 for review). All emphasise mechanisms sensitive to speed, an assumption that has only recently been put to the test (Freeman & Sumnall, 2002) . The purpose of the current paper is to examine the claim made in one such account, namely that extra-retinal processes can be altered by factors such as the size and spatial frequency of the stimulus.
Here, we compare three models of motion perception that include extra-retinal information. Two hold that extra-retinal signals depend on pursuit-speed alone. In the Ôpursuit-speedÕ model, eye velocity is estimated exclusively from extra-retinal information (e.g. Dichgans & Brandt, 1972; Freeman & Banks, 1998) . In the Ôref-erence-signalÕ model, extra-retinal signals are augmented in some manner by retinal information (e.g. Crowell & Andersen, 2001; Haarmeier & Thier, 1996; Pack, Grossberg, & Mingolla, 2001; Turano & Massof, 2001; Wertheim, 1994) . Both pursuit-speed and reference-signal models therefore explain the influence of spatiotemporal structure on motion perception in terms of mechanisms sensitive to retinal motion. Conversely, the Ôoptokinetic-potentialÕ model focuses on how visual stimuli change the output of extra-retinal mechanisms (Post & Leibowitz, 1985) . Specificially, extra-retinal signals change via the optokinetic potential that a visual stimulus elicits (Post & Leibowitz, 1985; Raymond, 1988; Raymond et al., 1984) .
The meaning of the term optokinetic potential is obviously crucial. Post and Leibowitz (1985) proposed that extra-retinal information about eye velocity derived primarily from an intention to move the eye. Any eye movement driven largely by reflexive systems (e.g. optokinetic nystagmus) therefore yields little extra-retinal information about eye velocity. Hence, stimulus characteristics such as spatial frequency and chromatic content could potentially alter the size of extra-retinal signals because they affect the nystagmus reflex (Crognale & Schor, 1996; Schor & Narayan, 1981) . Some authors have extended this definition to include stimuli that elicit a sense of vection, partly because this allows discussion of the perceived exocentric motion during observer locomotion (e.g. Wertheim, 1994) . The head was fixed in our experiments, so we restrict the definition to a propensity to elicit reflexive, nystagmus-like eye movements. This allows us to quantify optokinetic potential by measuring nystagmus in the presence of moving stimuli.
Antagonistic interactions can occur between reflexive and intentional eye movements. For instance, when a moving target is pursued over a stationary background, the nystagmus response to the background must be suppressed. According to the optokinetic-potential model, this gives rise to a certain intentional effort to maintain fixation on the moving target, which in turn increases the size of the extra-retinal signal informing the observer of their own eye movement. In theory, therefore, extra-retinal motion processing depends on both the optokinetic potential of the pursuit target and the optokinetic potential of the background. Accordingly, a small target pursued over a textured background requires a lot of effort, one that could be reduced by increasing the size of the pursuit target, removing background texture or both (e.g. Raymond, 1988) . Optokinetic potential could also influence the perception of retinal motion when the eye is stationary, since any moving stimulus with optokinetic potential can create a non-zero extra-retinal signal. This idea was used to explain the apparent motion of stationary objects displayed against a moving background (Post & Leibowitz, 1985) . It could also be used to explain the influence of spatiotemporal structure on perceived speed, such as occurs when contrast or spatial frequency are altered. The argument in both cases is that the tendency to follow the moving background while fixating a stationary target must be suppressed. In the first case, this induces motion in the target. In the second case, the perceived speed of the background changes since its optokinetic potential depends on spatiotemporal structure.
In this paper we put the optokinetic-potential model to the test by investigating the effects of contrast and spatial frequency on the perceived head-centred speed of a moving pattern. We chose these two manipulations in part because a number of reports have found robust changes in perceived retinal speed when contrast (Blakemore & Snowden, 1999; Campbell & Maffei, 1981; Hawken, Gegenfurtner, & Tang, 1994; Johnston, Benton, & Morgan, 1999; Thompson, 1982) or spatial frequency (Campbell & Maffei, 1981; Diener, Wist, Dichgans, & Brandt, 1976; Ferrera & Wilson, 1991; Freeman & Banks, 1998; Smith & Edgar, 1990 ) are manipulated. To determine the degree of optokinetic potential of our stimuli, we first investigated changes in optokinetic nystagmus as either contrast or spatial frequency was altered. The slow-phase gain of the eye movement was taken as an indicator of the optokinetic potential of the stimulus, with the caveat that the fastphase frequency had to be sufficiently high before a particular slow-phase segment was deemed reflexive (see methods for details). We then compared the perceived head-centred speed of these stimuli viewed with and without pursuit eye movements. This allows a comparison of the effects of contrast or spatial frequency on perceived speed in situations containing either negligible retinal motion of the stimulus or negligible eye movement.
The perceived-speed experiments each compared three conditions in which the speed of a non-pursued stimulus was adjusted until its perceived head-centred speed matched that of a pursued stimulus. In the first condition, the relative perceived speed of pursued and non-pursued patterns of equal, high-contrast or spatial frequency was determined. The classic finding is that the stimulus appears to move more slowly when pursued than when it is not (Aubert, 1886; Fleischl, 1882) . In the second condition, the contrast or spatial frequency of the non-pursued pattern was lowered, but the contrast or spatial frequency of the pursued pattern remained high. In terms of the pursuit-speed and reference-signal models, any change to the relative perceived speed results from the influence of contrast or spatial frequency on retinal motion processing. Conversely, the optokinetic-potential model assumes that any change is brought about by the influence of contrast or spatial frequency on the extra-retinal signal accompanying the non-pursued pattern. In the third condition, the contrast or spatial frequency of the non-pursued pattern remained high, but the contrast or spatial frequency of the pursued pattern was lowered. According to the pursuitspeed and reference-signal models, no change in the relative perceived speed is expected because the extraretinal signal depends on pursuit-speed alone. According to the optokinetic-potential model, however, changing the contrast or spatial frequency of the pursued pattern may change the effort required to pursue it, and consequently may invoke a change in the relative perceived speed.
2. Experiment 1: Contrast 2.1. Optokinetic nystagmus 2.1.1. Methods 2.1.1.1. Stimuli. Stimuli were generated using a VSG2/ 3F graphics card under PC control. They were presented on a Mitibushi Diamond Pro 20 monitor with a refresh rate of 100 Hz and were viewed binocularly at a viewing distance of 57.3 cm. Randomly positioned circular elements were displayed on a mean luminance background (12.9 cd/m 2 ). Each element was built on a square grid and its luminance profile was computed using a twodimensional Gaussian filter with a standard deviation of 25% of the width of the grid. We refer to the result as a Gaussian blob. Equal numbers of light and dark Gaussian blobs were displayed through a softwaregenerated circular window of radius 5°. The motion of the Gaussian blobs was independent of any motion of the circular window. Individual Gaussian blobs that reached the edge of the window were ''wrapped-around'' so that they re-appeared at the opposite edge. The direction of motion of the Gaussian blobs was alternated from trial to trial to control for possible influences of motion after-effects.
In Experiment 1, the contrast of the display was manipulated by changing the peak and trough luminances of the Gaussian blobs. For the high contrast stimuli, the peak and trough luminances of the Gaussian blobs measured 23.2 and 2.6 cd/m 2 , respectively. For the lowcontrast stimuli, the corresponding luminance measurements were 13.9 and 11.9 cd/m 2 . If the relative contrasts were expressed in terms of Michelson contrast then the contrast ratio would be 10:1 for high versus low-contrast stimuli. The density of the Gaussian blobs was 1 element/ deg 2 and each Gaussian blob had a standard deviation of 3.4
0 . The effects of contrast on perceived speed have been previously demonstrated to vary in magnitude and direction with stimulus speed (Blakemore & Snowden, 1999; Hawken et al., 1994; Johnston et al., 1999; Thompson, 1982) . Given the potential impact this might have on the subsequent perceived-speed experiment, the contrast manipulations were performed at two different speeds (2.3 and 4.6°/s). These were carried out in separate experimental sessions.
2.1.1.2. Observers. Two of the authors (JHS and TCF) and two experienced psychophysical observers (JJN and CHT) participated in the eye-movement recording sessions. The latter two observers remained na€ ı ıve to the purpose of the experiment, and observer CHT was paid for her participation. All observers had normal or corrected-to-normal visual acuity in each eye.
2.1.1.3. Procedure. In each experimental run, Gaussian blob patterns were presented sequentially. Each pattern was presented for 30 s. Following each presentation, a blank mean-luminance screen was displayed for 30 s. During any experimental run, all the patterns were displayed at the same contrast. The order of the experimental runs was counterbalanced across observers. Observers were instructed to stare straight-ahead at the centre of the screen but to keep the Gaussian blobs in focus. This type of instruction is thought to encourage the more reflexive type of nystagmus eye movement sometimes referred to as Ôstare-nystagmusÕ (e.g. Collewijn, 1991; van den Berg & Collewijn, 1988) .
2.1.1.4. Eye-movement recording and analysis. Eye movements were recorded using an ASL Series 4000 video eye-tracker. The observerÕs head was held stationary in a chin-rest with additional cheek supports and the eye-tracker was head mounted. All stimuli were viewed binocularly through the visor of the eye-tracker. The position of the left eye was recorded at a sampling rate of 50 Hz using ASL calibration and software routines. Eye-movement recordings were analysed offline using custom software. Eye position records were first low-pass filtered and then velocity and acceleration profiles determined from first and second derivatives. Fast-phase peaks were located from zero-crossings in the acceleration profile. Samples 110 ms either side of the peak were excluded from further analysis. Slowphase gain was then computed by averaging across the remaining velocity samples. The 1 Hz fast-phase frequency criterion suggested by Schor and Narayan (1981) was used to exclude any slow-phases that resembled intentional tracking or Ôlook-nystagmusÕ (see also Cheng & Outerbridge, 1974) . This was implemented by removing from further analysis any slow-phase segments that lasted for greater than 780 ms (i.e. one period of the criterion waveform less the assumed duration of a fastphase saccade). The mean slow-phase gain across each 30 s presentation was calculated, and at least six such estimates were combined to give an overall slow-phase gain and associated standard error for each contrast.
Results
Fig . 1 shows the slow-phase gains measured for four observers for low contrast and high-contrast patterns. Slow-phase gain is defined as the ratio of slow-phase eye speed to stimulus speed. At a stimulus speed of 2.3°/s (right-hand panel), slow-phase gain was greater for high-contrast stimuli than low-contrast stimuli for all observers, though the effect was quite small for observer JJN. At a faster speed of 4.6°/s (left-hand panel), three observers also showed a pronounced increase in slowphase gain as contrast was increased. However, at this speed observer TCF showed a small decrease. Overall, the data supports previous findings that nystagmus gain increases as a function of contrast, at least for first-order stimuli (Harris & Smith, 1992 . This in turn implies that the optokinetic potential increases with contrast for most of our observers.
Perceived speed
Using the nystagmus data, it is possible to predict the changes in relative perceived speed according to the optokinetic-potential model. These predictions are shown schematically in terms of the perceived speeds of the pursued and non-pursued patterns, in Fig. 2a . For patterns of equal contrast, the perceived speed of the non-pursued pattern is evidently higher than the perceived speed of the pursued pattern (the classic Aubert-Fleischl phenomenon) . When the contrast of the non-pursued pattern is lowered, the effort to maintain fixation decreases for most of our observers and so the opposing extra-retinal signal becomes smaller. The perceived speed of the non-pursued pattern should therefore increase and become less similar to that of the pursued pattern. Note that the optokinetic potential model also predicts that perceived retinal motion should decrease with increasing contrast. This appears to be true only for certain stimuli moving at high speeds (e.g. Hawken et al., 1994) . Now consider what happens if the contrast of the pursued pattern is lowered. For most of our observers the effort to pursue this stimulus increases, resulting in a larger extra-retinal signal. This should lead to a corresponding increase in the perceived speed of the pursued pattern, which in turn makes the perceived speeds of the non-pursued and pursued patterns more similar. For observers who do not show much change in nystagmus as a function of contrast, little change to the perceived speeds of the pursued and non-pursued patterns would be expected across the three conditions.
The predictions for the pursuit-speed and referencesignal models are quite different from those of the optokinetic-potential model and are depicted schematically in Fig. 2b . Both pursuit-speed and reference-models argue that extra-retinal signals depend only on pursuit speed. Consequently, changing the contrast of the pursued pattern should not result in a change to its perceived speed. Conversely, lowering the contrast of the non-pursued pattern should alter the retinal signal. In the face of previous evidence (e.g. Thompson, 1982) , we expect the retinal signal to be lowered. In this case, the perceived speed of pursued and non-pursued stimuli should become more similar.
To test these predictions we obtained speed matches for each of the three contrast combinations. The critical feature of the speed-match data is the ratio of the speed of the non-pursued pattern to the speed of the pursued pattern at the match-point, as opposed to the absolute perceived speeds that are shown in Fig. 2 . This ratio is called the speed match (e.g. Blakemore & Snowden, 1999) . When both the pursued and non-pursued patterns have high-contrast, a corresponding speed match less than 1 is predicted. When the contrast of the nonpursued is adjusted down, according to the optokinetic model the speed match should decrease. When the same contrast adjustment is performed on the pursued pattern however, the optokinetic model predicts an increase in the speed match. Conversely, pursuit-speed and reference-signal models predict an increase in the speed match when the contrast of the non-pursued pattern is lowered. When the contrast of the pursuit pattern is lowered, the pursuit-speed and reference-signal models predict a similar speed match to that obtained when both patterns are displayed at high-contrast.
2.2.1. Methods 2.2.1.1. Stimuli. The stimuli were Gaussian blob patterns of similar densities and contrasts to those used in the eye-movement recording sessions above. However, a circular region of 1°radius surrounding the fixation Fig. 1 . Slow-phase gains (slow-phase eye speed/stimulus speed) for low and high-contrast stimuli, for two stimulus speeds, for four observers. Error bars represent AE1 standard error of the mean. point was masked to create an annulus pattern. This was to encourage accurate fixation and tracking during the perceived-speed experiments. A small, black, vertical fixation line was also displayed at the centre of the annulus, and any motion of the window was yoked to that of the fixation line. This is schematised in Fig. 3a . On each trial the sequence of presentation was: fixation line alone for 400 ms; Gaussian blobs with fixation line for 300 ms; fixation line alone for a further 400 ms.
2.2.1.2. Observers. Two of the authors (JHS and TCF) together with one experienced observer (CHT) and one inexperienced observer (SS) participated in the perceived-speed experiments. The latter two observers remained na€ ı ıve as to the purpose of the study and were paid for their participation. All observers had normal or corrected-to-normal visual acuity in each eye. Three of the observers (JHS, TCF and CHT) also participated in the eye-movement recording sessions to measure nystagmus gain as a function of contrast.
2.2.1.3. Procedure. Relative perceived speed was measured using a two-interval forced-choice procedure in which two intervals were displayed sequentially. Observers indicated by button press the interval in which the stimulus appeared to move faster with respect to the head. In the pursuit interval, the fixation line, Gaussian blobs and annulus window all translated across the screen at a fixed pursuit-speed. In the non-pursuit interval, the Gaussian blobs translated across the screen but the fixation line and annulus window remained stationary. Observers were instructed to fixate the fixation line as accurately as possible, using a smooth pursuit eye movement during the pursuit interval but keeping their eyes stationary during the non-pursuit interval.
The speed of the Gaussian blobs displayed in the nonpursuit interval was adjusted up or down on a logarithmic scale (step size ¼ 1 dB) according to a 1-up, 1-down response rule. In each experimental run, two staircases were randomly interleaved and each staircase was terminated after 11 reversals. The speed of the nonpursued pattern at the match-point was estimated by taking the mean of the final eight reversals of each staircase. At least two experimental runs were completed for each combination of contrasts. The mean speed match and its associated standard error were computed from the last four individual estimates for each observer.
2.2.1.4. Eye-movement analysis. Following each experimental run, eye velocity was determined using custom software. Eye position recordings were first low-pass filtered, then saccades were detected using a fixed velocity threshold. Any trials containing saccades were removed from further analysis. The value used for the saccadic velocity threshold is acknowledged to be somewhat arbitrary (e.g. Leigh & Zee, 1999) . Initially the saccadic velocity threshold was set to 40°/s. However, inspection of individual eye-velocity traces suggested that this was too high for na€ ı ıve observers SS and CHT because some of the ÔlegalÕ traces contained subthreshold, saccade-like profiles. Eye velocity was subsequently re-evaluated with a saccadic velocity threshold of 10°/s for all observers. Whilst this re-analysis produced little change in the percentage of trials removed for the two authors, for the na€ ı ıve observers there was a substantial increase in the number of saccadic trials detected. Consequently we report mean eye velocities calculated with a saccadic velocity threshold of 40°/s for observers JHS and TCF, but with a saccadic velocity threshold of 10°/s for observers SS and CHT.
Results
Fig . 4 shows the speed matches set by each of the four observers for the three combinations of contrast at a target pursuit-speed of 2.3°/s. Each panel corresponds to a different observer. There is a high degree of consistency between observers. As predicted by pursuit-speed and reference-signal models, the speed matches increase when the contrast of the non-pursued pattern is lowered (middle bars). Moreover, the speed matches found when the contrast of the pursued pattern was lowered (righthand bars) were identical to those for a high-contrast pursued pattern (left-hand bars). The optokinetic-potential model is unable to account for either finding. The same was found for all observers for the higher pursuitspeed of 4.6°/s and there was more uniformity in the perceived-speed data than displayed in the corresponding nystagmus data (see Fig. 1b ). In particular, observer TCF showed a lowering of nystagmus gain at high contrasts but no corresponding reversal of the speedmatch data compared to the other observers. The difference between the nystagmus data and the speedmatch data therefore provides further evidence against the optokinetic-potential model.
The panels on the left of Fig. 5 plot the mean speed match across the four observers at each of the target pursuit-speeds. The different speed matches could potentially result from changes in pursuit accuracy as the contrast of the stimuli is altered. The panels on the right of Fig. 5 show the mean pursuit gain across the four observers at the each of the target pursuit-speeds. Pursuit gain is defined as the ratio of measured eye speed to target pursuit-speed. The data centre on a gain of 1, suggesting that observers made reasonably good eye movements in each condition, and that changes in pursuit accuracy do not account for the speed-match data.
Experiment 2: Spatial frequency
3.1. Optokinetic nystagmus 3.1.1. Methods
In Experiment 2, the spatial-frequency content of the display was manipulated by changing the size and spacing of the Gaussian blobs. For stimuli with high spatial frequency, the density of the Gaussian blobs was 1.4 elements/deg 2 and each Gaussian blob had a standard deviation of 3.4
0 . For stimuli with low spatial frequency, the density was reduced to 0.16 elements/deg 2 and the standard deviation increased correspondingly to 10.3 0 . The peak and trough luminances of the Gaussian blobs remained constant at 25.7 and 0.06 cd/m 2 , respectively. All stimuli moved at a speed of 4.6°/s. Other experimental details remained the same as in Experiment 1 (see Section 2.1.1) and the same four observers participated.
Results
Fig . 6 shows the slow-phase gains measured for four observers for low spatial frequency and high spatial frequency patterns. Unlike the contrast data, changing the spatial frequency of the stimuli had a less clear-cut effect on the nystagmus gain. For two observers (TCF and CHT) little change is seen whereas for the other two (JHS and JJN) slow-phase gain increased with increasing spatial frequency. This latter finding appears contrary to Pursuit Speed=2.3°/sec previous reports (e.g. Schor & Narayan, 1981) , but it is unclear why this should be the case. Our low spatial frequency stimuli contained a sparser distribution of features than the high-spatial frequency patterns, which might suggest a greater intrusion of an intentional ocular-following response in these observers. However, the same is true for gratings that have a low spatial frequency. Moreover, the eye-movement analysis was designed to include only those slow-phase segments corresponding to stare-nystagmus (e.g. Schor & Narayan, 1981) . Finally, size cannot be a mitigating factor since both studies used stimuli subtending 10°.
Perceived speed
The data in Fig. 6 imply that for two of our observers, the higher spatial-frequency patterns used had greater optokinetic potential. Thus, changing the spatial frequency from low to high is qualitatively the same as increasing the contrast for these observers. According to the optokinetic-potential model, therefore, some observers should show a pattern of speed matches similar to that predicted for the contrast experiment. For the others, however, we expect to find little change in the speed matches given the lack of change in nystagmus gain. Conversely, predictions for the pursuit-speed and reference-signal models are independent of the result of the nystagmus experiments, as before. Based on the finding that perceived retinal speed increases with spatial frequency (e.g. Smith & Edgar, 1990) , we expect the same pattern of changes to the speed-match data as found for the contrast manipulations in Experiment 1.
Methods
Low spatial-frequency and high spatial-frequency stimuli were made from Gaussian blobs of similar sizes and spacings to those used in the eye-movement recording sessions above. Fig. 3b shows a schematic representation of the stimuli. Other experimental details remained the same as in Experiment 1 (see Section 2.1.2) and the same four observers participated.
Results
Fig . 7 plots the mean speed match and pursuit gain across the four observers for the three combinations of spatial frequency. All observers showed an identical pattern to that obtained in the contrast experiment. Again the data do not support the predictions made by the optokinetic-potential model. Given the consistency of speed-match data and the relative inconsistency of the nystagmus data, the results of Experiment 2 support the idea that extra-retinal signals depend on pursuit-speed alone, as described in the pursuit-speed and referencesignal models.
Discussion
The experiments reported here examined the effects of contrast and spatial frequency on the perceived speed of pursued and non-pursued stimuli. A speed-matching procedure was used to determine their relative perceived speed as the contrast or spatial frequency of the pursued pattern or the non-pursued pattern was manipulated. From measurements of the slow-phase gain of the optokinetic nystagmus induced by each type of stimulus, predictions of the optokinetic potential of each stimulus were made. The results from the manipulation of contrast presented a problem to the optokinetic-potential model. First, we found that as the contrast of the nonpursued pattern was lowered, its perceived speed decreased. The pursuit-speed and reference-signal models propose that retinal processes mediate the effect. The optokinetic-potential model, on the other hand, proposes a lower extra-retinal input by virtue of the decreased effort in maintaining fixation as contrast is lowered. In this case, an increase rather than the observed decrease in the perceived speed of the non-pursued pattern is predicted. Second, we found no change to the perceived speed of the pursued pattern as its contrast was lowered. The pursuit-speed and referencesignal models predict no change because according to these accounts the factor mediating the perceived speed of pursued stimuli is extra-retinal and depends on pursuit-speed alone. The optokinetic-potential model predicts a change in the perceived speed of the pursued pattern, with patterns of lower contrast appearing faster when pursued. A similar pattern of results was also found for the manipulation of the spatial frequency of the pursued and non-pursued patterns, although the predictions of the optokinetic-potential model from the measured optokinetic nystagmus were less consistent across observers.
Two further pieces of evidence against the optokinetic-potential model are worth mentioning. First, both Fig. 7 . Speed match (speed of non-pursued pattern/target pursuitspeed) and pursuit gain (eye speed in pursuit interval/target pursuitspeed) for three combinations of stimulus spatial frequencies, averaged across four observers. Error bars represent AE1 standard error of the mean.
contrast (e.g. Blakemore & Snowden, 1999) and spatial frequency (e.g. Freeman & Banks, 1998) affect the perceived rate of expansion. The optokinetic-potential model as defined here could not account for these findings because radially moving patterns do not induce nystagmus. This property has been used by researchers wishing to control for the effect of eye movements without actually measuring them (e.g. Smith & Edgar, 1990) . Given the lack of nystagmus eye movements, radially moving patterns contain no optokinetic potential and so this mechanism cannot explain the influence of spatial frequency or contrast on the perceived rate of expansion. However, it is important to note that broadening the definition of optokinetic potential to include a sense of vection (e.g. Wertheim, 1994) , would not suffer this problem.
Second, the optokinetic-potential model could not explain speed-matching data using simultaneous presentation. Consider a speed-matching experiment in which two gratings of different contrast or spatial frequency are placed above and below a fixation marker and made to move in the same direction. If one assumes that extra-retinal signals are not retinotopic, then the putative signal created by the optokinetic potential of the display will be applied equally to both gratings. Optokinetic potential could not be responsible for any differences in perceived speed found using simultaneous matching and yet it is well known that these types of display produce them (e.g. Thompson, Stone, & Swash, 1996) . Indeed, it is important to emphasise that simultaneous presentation typically exacerbates perceived speed differences (Blakemore & Snowden, 1999; Kooi, de Valois, Grosof, & de Valois, 1992; Stone & Thompson, 1992 --though see Thompson et al., 1996) . The effect of contrast and spatial frequency on perceived speed therefore appears to be less in conditions that enhance optokinetic potential compared to those in which optokinetic potential arguably does not play a role.
There are a number of findings that appear to support the optokinetic-potential model. For instance, the perceived speed of a pursued target was found to depend on its size (Raymond, 1988) . The effect was also modified by the presence of a moving background, with backgrounds moving in the same direction as the target decreasing perceived speed (Raymond, 1988 ; see also Raymond et al., 1984) . Both findings could result from changes in the optokinetic potential of the stimulus; however, one first needs to rule out a number of ÔretinalÕ explanations of the data, e.g. motion contrast (Raymond, 1988) . One also needs to be careful about the frame of reference that observers adopt when making their motion judgement in experiments such as these. For instance, some might choose to judge the motion of the target with respect to the background. Alternatively, others might choose to ignore the background (and hence the relative motion) and judge the targetÕs motion with respect to their head. This might therefore be an example of a situation in which it is difficult to determine which reference frame observers choose to use (see Swanston, 1994 for discussion) .
Other studies by Post and colleagues provide more convincing support for the optokinetic-potential model (e.g. Heckmann & Post, 1988; Heckmann, Post, & Deering, 1991; Lott & Post, 1993; Post, 1986) . In a typical procedure, observers pursued a small target moving at right angles to a moving background, and judged its perceived path. Using this technique, it was demonstrated that the changes in perceived trajectory followed the same time-course as the build-up of the slow-phase of optokinetic afternystagmus (Heckmann & Post, 1988 ; see also Post, 1986) . In a subsequent study, horizontal trajectories were found to be perceived less veridically when the background moved upward compared to a downward moving condition (Lott & Post, 1993) , a result that correlates with the increased slowphase gain of optokinetic nystagmus for upwards motion (van den Berg & Collewijn, 1988) . In probably the most intriguing manipulation, the perceived trajectory of a vertically moving target was shown to depend on the position of its path with respect to the head (Heckmann et al., 1991) . Specifically, if the vertical trajectory was displaced away from primary position, such that the eyes tracked a target moving vertically but off to one side, then the perceived trajectory was altered. The effect could be explained in terms of the increased effort needed to pursue the target in the face of the viscoelastic forces attempting to return the eye to primary position (see Seidman, Leigh, Tomsak, Grant, & DellÕOsso, 1995) .
These data suggest that optokinetic potential, or more specifically nystagmus suppression, is an important component of judging the motion of a pursued target. However, our experiments fail to find evidence in its favour. How might this apparent discrepancy be explained? There are of course many differences between the current experiments and those of Post and colleagues. One important factor is duration, which differs by many orders of magnitude between the present and study and those of Post and colleagues. It therefore remains possible that if we were able to investigate headcentred speed perception for longer durations then evidence for the optokinetic-potential model might be found. Unfortunately, increasing duration within our paradigm is difficult as the stimuli would need to travel on a path larger than the extent of the display. A more interesting difference is that in the experiments of Post and colleagues cited above, the spatial structure of the stimulus remained fixed. They have not, to our knowledge, tested the optokinetic-potential model by manipulating stimulus properties such as contrast or spatial frequency. Their evidence is therefore largely based on what could be referred to as ÔextrakineticÕ manipulations. That is, they did not alter optokinetic potential by manipulating image structure but rather by either correlating eye movement with perception over both time and direction, or increasing viscoelastic load by manipulating the head-centred location of the path of the target. These manipulations may certainly alter fixational effort but they do so by means other than changes in image structure. The discrepancy could be resolved, therefore, if one accepts that the voluntary effort needed to maintain fixation either on static or moving targets influences motion perception but that effort is independent of the spatial structure of the image.
The last question to consider is whether manipulating the spatiotemporal content of the image can discriminate between the pursuit-speed and reference-signal models. The current lack of detail in many of the reference-signal models makes it quite difficult to devise appropriate experiments. One point is worth mentioning, however. Reference-signal models speak of a retinal signal and a reference-signal to which this is compared (e.g. Wertheim, 1987) . However this reference-signal also contains a retinal component. In our opinion, the critical issue is whether these two retinal components derive from the same or distinctly separate motion pathways. If they derive from the same motion pathway, then it is unclear how one is to account for effects such as those produced by changes in spatial frequency because both retinal components would be affected equally. If they derive from separate pathways, on the other hand, then it is possible to see how they may be differentially affected by such factors. Two separate retinal motion pathways would appear to be a feature of some models. For instance, it was suggested that a lowpass spatiotemporal filter gates the retinal component of the reference-signal, and that the retinal signal is not necessarily veridical either (Wertheim, 1994) . In a more recent model, the retinal and reference-signals were defined in terms of compressive transducer functions with different parameters (Turano & Massof, 2001) . Although the latter model makes neither signal a function of factors such as spatial frequency or contrast, one or both has to depend on image structure in order to explain phenomena such as the spatial frequency and contrast effects. However, until more detail is provided, it may be difficult to differentiate between pursuit-speed and reference-signal models by manipulating the spatiotemporal content of images, despite recent attempts to do so (Freeman & Banks, 1998; Wertheim, 1987) .
